Abstract: In neurons, appropriate long-term adaptive responses to changes in the environment require the conversion of extracellular stimuli into discrete intracellular signals. Many of these signals involve the regulation of gene expression. The cAMP responsive element binding protein (CREB) is a nuclear transcription factor that modulates transcription of genes containing cAMP responsive elements (CRE sites) in their promoters. CREB is a key part of many intracellular signaling events that critically regulate many neural functions. Numerous studies on invertebrates and vertebrates demonstrate that CREB is critical for long-term memory. Here, we review the key features of CREB-dependent transcription and critically evaluate the data examining the roles of CREB in different forms of plasticity, including longterm memory in mammals. Because learning and memory have been linked to specific types of synaptic plasticity in several species, we also review studies on the role of CREB in long-term facilitation in Aplysia and in hippocampal longterm potentiation (LTP). Several human cognitive disorders have been linked to alterations of CREB-regulated gene expression. Therefore, we explore the possibility of targeting CREB function in developing novel treatment strategies. Finally, we highlight areas of research on CREB that are ripe for further advancement.
INTRODUCTION
Memories may persist for dramatically different lengths of time, from seconds and minutes to a lifetime. Different forms of memory have distinct molecular requirements. Short-term memory (STM) persists for minutes to hours and is thought to be mediated by covalent modifications of existing synaptic molecules, such as phosphorylation or dephosphorylation of enzymes, receptors or ion channels [1] . In contrast, long-term memory (LTM) persists for days or longer, and is thought to be mediated by growth of new synapses and restructuring of existing synapses [2] . There is extensive evidence from several species that, unlike STM, LTM requires the transcription and translation of new proteins [3, 4] . This raises the key question: Which transcription factors are critical for expression of LTM?
One attractive candidate for coupling neuronal activation that occurs during learning with the gene expression required for LTM is cyclic-AMP (cAMP; cyclic adenosine 3',5'-monophosphate) responsive element binding protein (CREB). CREB is a family of transcription factors that modulates the transcription of genes that contain cAMP responsive elements (CRE) in their promoter regions. Although a wealth of convergent evidence from studies using invertebrate and vertebrate species shows that the CREB family of genes is important for LTM, recent studies have questioned whether CREB is truly critical for LTM *Address correspondence to the author at the Program in Integrative Biology and Brain & Behaviour, Hospital for Sick Children Research Institute, 555 University Ave., Toronto, ON, Canada M5G 1X8; E-mail: Sheena.josselyn@sickkids.ca formation in mammals [5] . This review provides a detailed examination of the evidence for and against the involvement of CREB in LTM and synaptic plasticity. We then review the neurobiology of CREB and related pathways and discuss the possibility of targeting CREB for the treatment of memory disorders.
C R E B : P R O P E R T I E S , B I O C H E M I S T R Y , STRUCTURE, AND SIGNALING PATHWAYS LEADING TO ACTIVATION OF CREB
CREB is a member of a family of structurally related transcription factors. In mammals, at least three genes encode CREB-like proteins: CREB, CREM (cAMP Response Element Modulator) and ATF-1 (Activating Transcription Factor 1) [6] [7] [8] . The mouse and human C R E B gene is comprised of 11 exons [9] [10] [11] , and alternative splicing generates the three major activator isoforms of CREB: , , and [12] [13] [14] . In addition to these transcriptional activators, the CREB family also includes transcriptional repressors. For example, the CREM gene codes several isoforms that repress CRE-dependent transcription: the CREM , and isoforms, as well as the inducible cyclic-AMP early repressor (ICER) [15, 16] .
CREB, CREM and ATF1 proteins share a conserved basic leucine zipper (bZip) domain that is responsible for dimerization between CREB family members and DNA binding [17] . Two glutamine-rich constitutive activation d o m a i n s (Q1 and Q2) flank a k i n a s e -i n d u c i b l e transactivation domain (KID) that contains a key phosphorylation site, initially characterized as being regulated by cAMP-dependent protein kinase (PKA). Although CREB may be phosphorylated at a number of residues, such as Ser129 or Ser142, see [18] [19] [20] ), activation of transcription requires phosphorylation at Ser133 in the KID domain (for review see [21] ). Mutation of this site (to a non-phosphorylatable alanine) abolishes the stimulusinduced transcriptional activation of CREB [13] . The phosphorylation state of Ser133 is regulated by a balance between the actions of protein phosphatases and kinases, which remove or add phosphate groups, respectively. Numerous kinases transmit signals from the plasma membrane to the nucleus to phosphorylate CREB at Ser133 [22] [23] [24] [25] [26] [27] [28] [29] [30] . Perhaps, the best-characterized of these kinases are PKA, p38 mitogen-activated protein kinase (MAPK), and calcium-calmodulin-dependent kinase (CaMK) IV (see Fig.  1 ). In addition, a potent CREB co-activator, transducer of regulated CREB (TORC2), has recently been identified [31] . TORC2 may mediate the co-operativity between cAMP and calcium signals [32] . On the other hand, protein phosphatase 1 (PP1) and PP2A dephosphorylate Ser133 [22, 34, 35] . Phosphorylation of CREB at Ser133 promotes binding to a protein complex that includes the co-activators CREBbinding protein (CBP) and p300, and subsequent recruitment of the basal transcription machinery required to promote transcription [33] .
CREB AND LONG-TERM MEMORY
The first studies to implicate CREB in memory were performed in the marine snail, Aplysia californica.
CREB and Long-Term Plasticity in Snails
Mechanical stimulation of the siphon or mantle shelf of Aplysia produces a defensive gill withdrawal response. This reflex exhibits several forms of plasticity that persist for different lengths of time, thus paralleling memory in mammals. For instance, a single shock to the tail produces transient sensitization that persists for several minutes (similar to STM). On the other hand, 5 or more shocks produce sensitization lasting days or longer (similar to LTM) [36] [37] [38] [39] [40] [41] [42] .
The role of CREB was evaluated using a cellular analog of sensitization in cultured neurons, referred to as short-and long-term facilitation. Injection of a reporter gene driven by a CRE-containing promoter showed that stimuli that produced long-term facilitation triggered CRE-mediated transcription, whereas stimuli that were not sufficient to produce long-term facilitation did not elicit CRE-mediated transcription [43] . Similarly, training that induced LTM in the pond snail, Lymnaea stagnalis (using an appetitive classical conditioning protocol) also elicited CREB phosphorylation [44] . Thus, stimuli that induce memory in snails engage CRE-mediated transcription.
The Aplysia CREB1 gene encodes three proteins: ApCREB1a, ApCREB1b and ApCREB1c [45] . ApCREB1a shares structural and functional homology with CREB transactivators in mammals, whereas ApCREB1b resembles mammalian ICER, a repressor of CREB transcription. Blocking ApCREB1a or enhancing ApCREB1b function in cultured sensory neurons blocks long-term facilitation (but not short-term facilitation) [45, 46] . Consistent with this, disrupting CREB function impairs LTM in Lymnaea [47] . On the other hand, enhancing ApCREB1a or inhibiting ApCREB1b function lowers the threshold for inducing longterm facilitation [45, 48] . Consistent with the earlier electrophysiological results in Aplysia, most behavioral results in fruit flies also suggest that CREB manipulations can both impair and enhance LTM, findings that demonstrate a critical role for CREB-like proteins in memory consolidation.
CREB and Memory in Flies
Memory in fruit flies (Drosophila melanogaster) may be assessed following associative training. For instance, in an olfactory conditioning paradigm, flies learn to avoid a previously neutral odor that was paired with shock in favor of another odor that was not paired with shock [49] . Multiple training trials in this paradigm produce LTM that lasts several hours and requires protein synthesis [50] . In the mid 1970s, behavioral screens of mutagenized flies using this paradigm led to the isolation and characterization of several genes involved in learning and memory [51] [52] [53] [54] . Many mutants identified by this screen have disruptions in components of the cAMP/PKA signaling cascade that is directly upstream of CREB [49, 55, 56] .
CREB itself was shown to be critical for Drosophila LTM by Yin, Tully and colleagues by using reverse genetics [57] . Acutely disrupting CRE-mediated transcription by transgenic overexpression of a CREB transcriptional repressor (dCREB2b) blocked LTM, but not STM, produced by multiple training trials. This suggests that the protein synthesis required for LTM is mediated, at least in part, by CREB-dependent transcription.
Spaced training (in which training trials are separated by long intervals) is required to produce maximal LTM in species ranging from Aplysia [38, [58] [59] [60] [61] to humans [62] . The same holds true in flies: multiple spaced training is necessary for maximal LTM, whereas the same number of trials presented in a massed fashion (with brief, or no, time intervals between successive trials) produce strong STM but weak LTM. Moreover, spaced, but not massed training differentially increases dCREB2 expression [63] . Yin and colleagues reported that massed training is sufficient to produce strong LTM if a CREB activator (dCREB2a) is overexpressed. Indeed, a single training trial produces LTM in these CREB-overexpressing flies [64] , eliciting perhaps the "fly equivalent" of a 'photographic' or 'flashbulb' memory [65] . However, a recent study by Davis and colleagues failed to replicate this result [66] . Furthermore, this study identified several mutations in the dCREB2a transgene used to produce the transgenic lines of flies used in the original study. Correcting these mutations yielded transgenic flies that could not be easily tested for LTM due to slow lethality. This group and others, however, replicated the LTM impairments produced by overexpression of the CREB inhibitor (dCREB2b; [66, 67] ). Together, these results clearly show that decreasing CREB function disrupts LTM. Furthermore, these findings indicate that the temporal characteristics of training are a critical variable in determining the type of memory induced and whether that memory critically depends on intact CREB function. Additional study is needed to clarify the effects of CREB overexpression on memory in flies.
CREB and Memory in Mammals
Studies of invertebrates have made fundamental strides towards resolving the role of CREB in LTM. Parallel studies in mammals have also shown that CREB is important for memory. Mammalian memory has been assessed using several memory tasks (including fear conditioning, recognition memory and spatial memory) that may differentially rely on distinct brain regions. In addition to different memory tests, several molecular approaches have also been used to study CREB function in mammals, including mutant mice (knockouts and transgenics), antisense and viral vectors. Each method alters CREB function in a distinct way and, in total, they provide substantive and convincing evidence for a key role of CREB-dependent transcription in LTM.
Deletions of CREB By Homologous Recombination
The homozygous deletion of the three major CREB isoforms ( , and ; CREB null ) is lethal [68] . However, mice that lack two main isoforms of CREB, and , are viable, perhaps because due to upregulated levels of other CREB family members [69, 70] . Despite these upregulations, however, CRE-DNA binding and the level of CREB protein are dramatically reduced in the brains of CREB mice [70, 71] . Crossing a CREB mouse with a mouse heterozygous for the CREB null mutation results in mice that carry a single allele for the CREB isoform, referred to as CREB comp mice [72] . Therefore, CREB mice have two copies of the CREB isoform while CREB comp mice have only one.
Conditional CREB knockout mice have also been generated using the Cre-loxP system [5, 73] . Two lines of mice were produced that differ in terms of CREB deletion. The CREB CaMKCre7 mice have a loss of CREB protein in roughly 70-80% of CA1 (and other forebrain) neurons while the CREB NesCre mice have a more extensive deletion of CREB (loss of CREB in all brain regions) [5, 73] .
Decreasing CREB Function by Transgenic Expression of a Dominant Negative Inhibitor of CREB
Another method of disrupting CREB function involves transgenic expression of a dominant negative allele that blocks the function of all CREB isoforms. Rammes et al. (2000) [74] developed transgenic mice that express a phosphorylation-defective CREB transgene (M-CREB) in which the primary phosphorylation site for transcriptional activation, Ser133, is mutated to an Ala (S133A). This mutated form of CREB cannot be activated by phosphorylation at Ser133, but still binds and occupies CRE sites, thus repressing endogenous CREB function [13] .
Inducible and Region-Specific Manipulations of CREB Function
Temporal control over the expression of this CREB repressor was achieved by fusing it with a ligand-binding domain (LBD) of a human estrogen receptor with a G521R mutation (LBD G521R ) in transgenic mice [75] . The activity of this mutated LBD is regulated not by estrogen but by the synthetic ligand, tamoxifen [76] [77] [78] . In the absence of tamoxifen, the LBD G521R -CREB S133A fusion protein is bound to heat shock proteins and is therefore inactive [78] . However, administration of tamoxifen activates this inducible CREB repressor (CREB IR ) fusion protein, allowing it to compete with endogenous CREB and disrupt CREmediated transcription. Region-specific expression was achieved by using a CaMKII promoter that is active only in specific brain regions, including the hippocampus, amygdala and cortex [75] . Pittenger and colleagues [79] used another dominant negative form of CREB (K-CREB [80, 81] ) in combination with the tetracycline transactivator (tTA/tetO) system to inducibly repress CREB function in forebrain neurons. One line of mice, referred to as "dCA1-KCREB" transgenic mice, showed expression of K-CREB in dorsal CA1 regions of the hippocampus [79] .
Mice have also been engineered that have enhanced CREB function. Fusing CREB with the transactivation domain of herpes simplex virus (HSV) VP16 produced a form of CREB that is 25-fold more active than wildtype (WT) CREB in vitro [82] .
Antisense Knockdown of CREB Function
Antisense oligonucleotides can also be used to disrupt CREB function in a temporally and spatially restricted manner in rats and mice [83] . Synthetic oligonucleotides that are the genetic complement (antisense) of CREB mRNA are taken up by neurons, base-pair to CREB mRNAs and block the synthesis of CREB protein [84, 85] . Injection of CREB antisense acutely and significantly decreased endogenous CREB protein expression (by 39-97%) in the brain region of interest [86, 87] .
Viral Vectors for Manipulating CREB Function
Spatial and temporal control of CREB function may also be achieved through the use of viral vectors. This method exploits the natural ability of viruses, such as herpes simplex virus (HSV) or recombinant Sinbis virus, to insert DNA specifically into neurons [88] . Replication-defective HSV vectors expressing wild-type (HSV-CREB) or mutant forms of CREB (HSV-M-CREB) have been engineered. Infusing HSV-CREB into the brains of rats and mice not only increases the level of CREB protein but also CRE-mediated transcription [as shown by increases in CRE-regulated transcription of an endogenous (dynorphin), and reporter gene (in CRE-reporter mice, see below)] [89, 90] . On the other hand, HSV-M-CREB decreases both CRE-mediated transcription [89] and the level of dynorphin mRNA [90] . In addition to studies of the role of CREB in memory, this approach has also been used to show that CREB is a key transcription factor in neuronal adaptation to drugs of abuse [90] and ocular dominance plasticity [91] . Recent experiments have also used recombinant viruses to overexpress a constitutively active form of CREB (Y134F) in the CA1 region of the hippocampus [92] .
Detecting CREB Activation During Learning
The role of CREB in memory may be studied by manipulating CREB function (as above) but also by using imaging techniques to visualize CREB activation and CREmediated transcription following various types of stimulation/training. These studies are invaluable because they provide a powerful combination of systems and molecular approaches. They can identify where and when CREB activation occurs following stimulation that induces memory.
For instance, transgenic mice with a -galactosidase reporter construct under the regulation of a CRE-promoter (CRE-LacZ) have been used to identify the types of behavioral training and electrophysiological stimulation that induce CRE-mediated transcription [93, 94] . In addition, CREB activation may be monitored by examining the levels of CREB phosphorylated at Ser133 or downstream products of CRE-mediated transcription such as C/EBP [95, 96] .
Conditioned Fear Memory
Fear conditioning is a common method of assessing memory in rodents. Typically, mice or rats are placed in a conditioning chamber and a footshock is delivered. In the discrete cue version of this task, an audio tone that coterminates with the footshock is added. Memory is assessed as the percentage of time rodents spend freezing (defined as the cessation of all movements except respiration) when placed back in the conditioning chamber (refereed to as contextual fear conditioning) or when the tone is presented in a novel chamber (referred to as discrete cued fear conditioning) (see Fig. 2 ). The neural systems critical for mediating fear conditioning have been well-characterized. The amygdala is crucial for both cued and contextual fear conditioning because lesioning or inhibiting protein synthesis in this structure disrupts LTM [97] [98] [99] [100] . However, the role for the hippocampus in fear conditioning is not as straightforward (see below).
The first study to examine the role of CREB in mammalian memory used CREB mice [101] . CREB mice that lack the two main isoforms of CREB ( and ) on a mixed background (129 x C57BL\6) showed normal conditioned freezing to both a tone and a context previously paired with footshock when tested shortly (<1 hour) after training. However, both contextual and cued fear conditioning were impaired in another group of mice tested 24 hours after training [101] . The deficit in LTM for fear conditioning has been replicated using both freezing [102] [103] [104] and fear-potentiated startle [105] to measure conditioned fear. One study using F1 hybrid mice (129 x C57BL\6) also reported a deficit in STM [103] . It is also important to note that the LTM deficit may be overcome by additional spaced training trials, highlighting the importance of the temporal dynamics of the training protocol to the CREB phenotype [102] .
Using CREB mice from a different genetic background (FVB/N x C57BL\6), Gass and colleagues (1998) found normal STM and mild LTM deficits in both cued and contextual fear conditioning [72] . However, as pointed out by Graves and colleagues (2002) [103] , mice from this genetic background are generally poorer learners, potentially masking the impact of the CREB mutation. Nevertheless, CREB comp mice (CREB homozygous mice crossed with a heterozygous CREB null that has one remaining CREB allele) showed a severe LTM deficit in both context and cued fear conditioning [72] . This finding indicates that CREB gene dosage is a critically important variable in determining the memory phenotype. That is, mice with a greater disruption in CREB function (CREB comp with one copy of CREB versus CREB mice with two copies of CREB ) show a greater impairment in LTM. These studies also show that behavioral phenotype may be influenced by the genetic backgrounds of specific inbred mouse strains (for reviews, see [106, 107] ).
Transgenic mice overexpressing a dominant negative form of CREB have also been tested using fear conditioning. One of 3 lines of mice that constitutively express the CREB repressor in the amygdala and hippocampus showed impaired LTM for cued fear conditioning [74] . However, because "time not moving" and "distance traveled" during the test session were used as indices of memory, rather than the more sensitive measurement of "time spent freezing" in these hybrid mice (FVB/N x C57Bl\6), it is possible that a subtle phenotype in the other lines could have been obscured. Furthermore, in these transgenic mice, the CREB repressor is expressed constitutively, perhaps leading to a compensatory upregulation of other CREB family members.
This potential limitation, however, was addressed by using a transgenic mouse that allows precise temporal control over the expression of the CREB repressor [75] . Importantly, these CREB IR transgenic mice develop with normal CREB levels. CREB function was acutely and reversibly disrupted a relatively short time (6 hours) prior to training by injecting tamoxifen to active the CREB repressor. Mice were tested 24 hours after training when these mice presumably had normal CREB function. LTM, but not STM, for both cued and contextual fear conditioning was impaired in these transgenic mice [75] . Consistent with this, acutely disrupting CREB function in the CA1 region of the hippocampus through the use of antisense oligonucleotides disrupted LTM for contextual fear [108] . Together, these findings show that acutely disrupting CREB function impairs LTM for conditioned fear. Moreover, as the disruptions of CREB are temporary, these data also provide compeling evidence that the LTM phenotype observed in mutant mice with a chronic disruption of CREB (CREB or CREB comp mice) cannot be solely attributed to developmental abnormalities.
Given the evidence above, the finding of normal LTM for contextual fear conditioning reported in 3 other types of CREB mutant mice is somewhat surprising. Normal LTM for contextual fear conditioning was observed in dCA1-KCREB mice (expressing a CREB repressor in the dorsal Fig. (2) . Contextual and cued fear conditioning. Mice are first placed in the training context and allowed to explore for about 2 min. Then, they are presented with one pairing of an auditory cue (CS) and a footshock (US). The mice are left in the training context and their freezing behavior is quantified for 30 sec after the last CS-US pairing (this is a measure of immediate learning for the association of the US with the context). One day later, mice can be tested for contextual, altered context, and cued fear memory by quantifying freezing behavior in three different conditions. First, mice are returned to the training context for 5 min and assessed for contextual fear memory. Next, mice are placed in a different environment for 2-3 min and tested for fear of a new environment. For cued fear memory, mice are put in the new environment while the CS is presented again.
CA1 region of the hippocampus [79] ) and in two lines of conditional CREB knockout mice (CREB CaMKCre7 , with a deletion of CREB in 70-80% of CA1 neurons of the hippocampus; and CREB NesCre , with a deletion of CREB in the nervous system [5] ). These results, however, may not be entirely unexpected in light of results showing that the hippocampus is not strictly required for contextual fear conditioning. Whereas post-training lesions of the dorsal hippocampus dramatically impair contextual fear conditioning, pre-training lesions do not [109, 110] . Normal LTM for contextual fear conditioning in these hippocampuslesioned rodents may result from the use of elemental, rather than contextual strategies [109, 110] . Importantly, the three lines of CREB mutant mice that have normal LTM for contextual fear have chronic disruptions in CREB that could be analogous to "pre-training lesions" of CREB. Thus, unlike antisense that acutely disrupts CREB function, CREB function is chronically impaired in both the CREB CaMKCre7 and CREB NesCre mice. Even in the inducible dCA1-KCREB mice, the transgene is turned "on" for a significant period of time before training (e.g., the mice are not fed doxycycline). Taken together, these findings suggest that this method of contextual fear conditioning (in which mice may acquire the task by using non-hippocampal, elemental-based strategies) may not be sufficiently sensitive to show potential LTM deficits in mice that display substantial chronic pre-training perturbations in hippocampal CREB function.
In order to address the potential limitation of contextual fear conditioning, a variation of this task that critically relies on the hippocampus was used to evaluate the role of CREB in contextual LTM. Unlike standard contextual conditioning, this context pre-exposure task temporally separates the acquisition of context information from its association with footshock [104, 111, 112 ] (see Fig. 3 ). Animals that were pre-exposed to a training context the day (Day 0) before receiving a shock (Day 1) immediately following replacement in that context showed high levels of freezing, whereas animals not pre-exposed to the context showed low levels of freezing following this immediate shock on Day 1 [104, 111, 112] . This phenomenon is sometimes referred to as the immediate shock deficit. Infusion of anisomycin into the dorsal hippocampus following context pre-exposure (on Day 0) resulted in low freezing levels following the immediate shock (on Day 1), indicating that protein synthesis in the dorsal hippocampus is vital for the rescue of the immediate shock deficit by pre-exposure to the context [113] . Perhaps similarly, CREB mice showed low levels of freezing following an immediate shock despite being preexposed to the training context the day before. Freezing levels in the CREB mice were similar to those observed in WT mice that were not pre-exposed to the training context [104] . Therefore, by using a task that critically depends on protein synthesis in the hippocampus, CREB was shown to be important for LTM for contextual memory.
Imaging studies show that behavioral training that produces LTM for conditioned fear also increases the levels of phosphorylated CREB and CRE-mediated transcription. Thus, CRE-LacZ reporter mice showed increased CREmediated transcription in the CA1 region of the dorsal hippocampus and amygdala following fear training [94, 108] . Similar training also increased levels of pCREB and CRE-regulated genes (such as C/EBP) [94, [114] [115] [116] [117] [118] [119] . These Fig. (3) . Context pre-exposure task. Schematic diagram of version of contextual fear conditioning that critically depends on protein synthesis in the hippocampus. Unlike standard contextual conditioning, this context pre-exposure task temporally separates the acquisition of context information from its association with footshock [104, 111, 112] . Animals presented with a footshock immediately following placement in a novel context show low levels of freezing (referred to as the immediate shock deficit) [104, 111, 112] . In contrast, animals that are preexposed to a training context the day (Day 0) before receiving a shock (Day 1) immediately following replacement in that context showed high levels of freezing, thus rescuing the immediate shock deficit. data are correlative; nonetheless, they fit well with findings from many studies that show that disrupting CREB function (through a variety of different approaches) impairs LTM for conditioned fear. However, what are the effects of increasing CREB function on LTM for conditioned fear?
To answer this question, Josselyn and colleagues (2001) used HSV-CREB to increase CREB levels and CREB function in a subpopulation of amygdala neurons (roughly 20-30% of neurons in the lateral nucleus of the amygdala) [120] . Rats were trained for cued fear conditioning using a massed training protocol that typically produces weak STM but no or weak LTM. However, rats infused with HSV-CREB in the amygdala two days prior to training showed robust LTM, similar to levels of LTM produced by spaced training. The finding of enhanced cued fear memory following infusion of HSV-CREB into the amygdala was recently replicated [121] . Thus, acutely increasing CREB levels and CREB function in rats can enhance one form of LTM, a finding consistent with results in Drosophila [64] and Aplysia [45] .
It is interesting to note that transgenic mice with chronic overexpression of CREB in cerebellar Purkinje neurons showed decreased CRE-mediated transcription and decreased performance in motor learning tasks [122] . This result is similar to the finding that chronic expression of the CREB repressor produces no change in LTM, whereas acute expression produces a deficit in LTM. Together, these results highlight the tightly regulated nature of the CREB system and how this affects the impact of CREB manipulations in LTM.
Overall these studies show that many manipulations that decrease CREB function decrease memory for conditioned fear while manipulations that increase CREB function facilitation memory for conditioned fear.
Recognition Memory (Object and Social Recognition)
Object recognition is a task that relies on the natural exploratory behavior of mice. Typically, training consists of exposing mice to two identical objects for a short period of time (e.g., 15 min). Memory for this task is shown by mice spending more time exploring a novel object rather than the familiar object used in training. Two groups of researchers showed that decreasing CREB function specifically disrupted LTM, but not STM, in this task. Thus, dCA1-KCREB mice expressing a CREB repressor in dorsal CA1 regions [79] and CREB IR mice acutely expressing a different CREB repressor throughout the forebrain [123] show disrupted LTM for object recognition.
Consistent with previous data using a variety of learning tasks and species, spaced, rather than massed, training produces maximal LTM for object recognition [124] . Furthermore, spaced but not massed object recognition training is associated with increased levels of phosphorylated CREB and CRE-mediated transcription in the hippocampus and cortex [124] . However, in transgenic mice with decreased protein phosphatase-1 (PP1) activity (PP1 dephosphorylates CREB at Ser133), massed training alone is sufficient to produce both robust LTM and an increase in CRE-mediated transcription [124] . A similar pattern of results was also observed in transgenic mice that overexpress type-1 adenylate cyclase [125] . Following a single training trial, these transgenic mice, showed elevated levels of pCREB and significant levels of LTM whereas their WT littermates did not.
Similar results have also been reported for a social recognition task. Training in this memory test consists of exposing a mouse to a conspecific. Memory is evident if the amount of time a mouse spends exploring this familiar conspecific is less than the time spent exploring a novel conspecific. LTM, but not STM, for social recognition is impaired in both the CREB and CREB IR mice [105, 126] . Therefore, using two types of recognition tasks, several research groups have shown that CREB is activated following spaced training, whereas disrupting CREB (by using several methods) impaired LTM and increasing CREB function (by using several methods) enhanced LTM.
Food Preference Memory
Rodents develop a preference for foods recently smelled on the breath of other rodents [127] [128] [129] . Training that produces LTM for social transmission of food preference increases the level of pCREB in the hippocampus [130] . Viral vector-induced expression of a dominant negative form of CREB (S133A) in the dorsal hippocampus blocks LTM, but not STM, for social transmission of food preference [131] . Consistent with this, CREB mice showed intact STM, but impaired LTM in this task [102] . Using a longer "training time" (10 minutes) that permitted an observer mouse to smell the breath of a demonstrator mouse for a longer period of time, Gass and colleagues (1998) [72] showed normal LTM in both CREB and CREB comp lines of mice. These results show that the deficits in CREB mutant mice are dependent on the training conditions of the tasks, and perhaps, on the genetic background of the animals tested. Thus, CREB is not the only transcription factor mediating LTM formation, and under certain circumstances, the amnesic effects of CREB disruption may be alleviated by changes in genetic background and by increased behavioral training.
Olfactory Memory
Memory may also be assessed with an olfactory conditioning task in neonatal rats. In this task, an odor is paired with an appetitive (such as a stroke of the back) or an aversive (footshock) stimulus. Both appetitive and aversive olfactory conditioning are associated with an increase in pCREB levels in the olfactory bulbs [132, 133] . Moreover, disrupting CREB function (via infusion of CREB antisense oligonucleotides or HSV-M-CREB) produces a specific LTM deficit for olfactory conditioning [133, 134] .
Conditioned Taste Aversion Memory
In the conditioned taste aversion paradigm, ingestion of a novel taste is paired with transient sickness (produced by injection of lithium chloride, LiCl). Memory for this association is evident when the animal avoids that taste on subsequent presentations [135] (see Fig. 4 ). Previous studies show that LTM for conditioned taste aversion requires protein synthesis in the amygdala [136, 137] and insular cortex [138] .
Data from multiple studies show that CREB is important in LTM for conditioned taste aversion. Thus, CREB [137] , CREB IR [137] and CREB NesCre [5] mice showed disrupted LTM for conditioned taste aversion. CREB CaMKCre7 mice and CREB comp mice have not been tested in this paradigm. Acutely disrupting CREB function in the amygdala through the use of antisense oligonucleotides similarly disrupts LTM, but not STM, for conditioned taste aversion [86] . Furthermore, training that produces conditioned taste aversion (pairing the novel taste with LiCl) also induced robust CREB activation (phosphorylation) in the lateral nucleus of the amygdala [139] . Similar increases are not observed if rats are exposed to the taste or LiCl alone, indicating that activation of CREB is related to associative learning. Unlike some other memory tasks, conditioned taste aversion places few performance demands on the subject. Therefore conclusions regarding the role of CREB in memory may be drawn independently of potential effects on other behaviors, such as motor behavior. Overall, the data from several studies point to the same conclusion: CREB is critical for LTM of conditioned taste aversion.
Spatial Memory
In the hidden platform version of the Morris water maze, rodents learn to find a platform submerged in a pool of opaque water by using spatial cues in the experimental room [140] . Typically, spatial memory is assessed during a probe trial in which the platform is removed and the percentage of time the animals spend searching in the spatial location where the platform was previously positioned (target quadrant) is measured. This form of spatial memory is sensitive to hippocampal lesions [140, 141] .
In the first study to use the Morris water maze to study the role of CREB in spatial memory, CREB mice were trained with 1 trial a day for 15 days [101] . At the beginning of training, WT and CREB mice showed long latencies to reach the platform. As training progressed, the time to reach the platform was reduced in WT mice (indicating learning), whereas the latencies of CREB mice remained significantly longer. As predicted from these training latencies, WT mice searched selectively in the target quadrant during the probe test while CREB mice searched randomly [101] . Moreover, WT mice crossed the exact previous location of the platform more often than the CREB mice. The spatial memory deficit in CREB mice was replicated using similar, as well as more intense training schedules [101, 102] . However, similar to other memory tests discussed above, the role of CREB in spatial memory is sensitive to the training parameters. Thus, increasing the time between trials to 10 minutes or 1 hour (rather than 1 minute), overcomes the spatial memory deficit in CREB mice [72, 102] .
Spatial memory deficits have also been observed using two different techniques to disrupt CREB function in the Fig. (4) . Conditioned taste aversion protocol. Schematic diagram of conditioned taste aversion protocol. In this test, mice or rats are given access to water for a short period of time each day (shaping). During the conditioning phase, rodents are given a novel taste (e.g., saccharin) followed by an agent that induces intestinal malaise (LiCl). Memory for this association is evident when the animal avoids that taste on subsequent presentations.
hippocampus. Mice that overexpress a dominant negative form of CREB in the dorsal CA1 region of the hippocampus (dCA1-KCREB mice), also showed impaired spatial memory as measured by several variables (percentage time spent in the target quadrant, proximity to the training location of the platform and platform crossing) [79] . A critical control experiment showed that other dCA1-KCREB transgenic mice fed doxycycline (thereby turning the transgene off) for 2 weeks before the start of Morris maze training showed normal spatial memory. Thus, the phenotype in these mutant mice cannot be attributed to developmental deficits. In addition, disrupted spatial memory was found following infusion of CREB antisense into the dorsal hippocampus of normal rats [87] . Consistent with this, a treatment that significantly decreased the level of phosphorylated CREB (active) in the hippocampus of adult mice (prenatal administration of morphine) also produced a deficit in spatial memory [142] . Together these findings suggest that many manipulations that decrease CREB function in the hippocampus disrupt spatial memory.
Gass and colleagues [72] reported a CREB gene dosage effect with respect to spatial memory. CREB comp mice (with a loss of both CREB and alleles as well as one CREB allele) showed significantly poorer spatial memory than CREB mice (with a loss of both CREB and alleles but two intact CREB alleles). Balschun and colleagues (2003) [5] reported that CREB NesCre mice (with a virtually complete deletion in CREB) showed poorer spatial memory than CREB CaMKCre7 mice (with a loss of CREB in 70-80% of CA1 neurons). In fact, CREB CaMKCre7 mice showed near normal spatial memory, suggesting that the remaining 20-30% of CA1 neurons with normal levels of CREB is sufficient to support normal spatial memory. Similar to findings using other paradigms, therefore, the impact of the amnesic effects of CREB are critically dependent on the degree of CREB disruption.
Summary of Role of CREB in Memory
The critical importance of CREB in memory has been convincingly shown in several invertebrate species. However, the results from mammalian studies are more complex. Reasons for this complexity may include the larger numbers of genes in the mammalian CREB family and the differences in methods used to alter CREB function.
Much of the evidence from many studies that used a variety of memory tasks and different techniques to disrupt memory show unequivocally that CREB is critical for mammalian LTM. The downstream products of CREBmediated transcription likely support the structural and functional processes necessary for LTM in species ranging from snails to flies to rodents and, perhaps, humans.
However, this notion has two important caveats. The first is that the CREB memory phenotype is sensitive to the training parameters (specifically the spacing between successive trials). This sensitivity was shown in several memory paradigms and may be related to the fundamental differences between the types of memory produced by massed and spaced training. Massed training generally induces weak LTM. However, massed training induces robust LTM in flies, rats and mice if CREB function is increased [64, 120, 124] . On the other hand, multiple spaced trials can overcome the LTM deficit produced by impairing CREB function in many memory paradigms. This suggests that spaced training protocols may recruit additional molecular mechanisms, including other transcription factors.
The second caveat is that the extent of CREB disruption determines the presence and degree of LTM impairment. In general, greater CREB disruptions produce more dramatic disruptions in LTM. For instance, the CREB comp (with only 1 CREB allele) mice show a larger impairment of LTM than the CREB mice (with 2 CREB alleles) in many memory tasks [72] . Furthermore, CREB NesCre mice (with a brain-wide deficit in CREB) show larger spatial memory impairment than CREB CaMKCre7 mice (with a deletion of CREB in only 70-80% of CA1 neurons) [5] . Indeed, the near-normal memory shown in the CREB CaMKCre7 mice suggest that the remaining 20-30% of CA1 neurons with intact CREB levels are sufficient support normal spatial memory. Consistent with this are the observations that increasing CREB function in a small proportion of neurons in the lateral amygdala of rats is sufficient to induce LTM for conditioned fear following suboptimal training [120, 121] . Together, these data show that overexpression of CREB in relatively few neurons is enough to enhance the formation of LTM under certain conditions.
CREB AND ACTIVITY-INDUCED INCREASES IN SYNAPTIC STRENGTH
Chemical synaptic transmission can be modified by a neuron's past profile of electrical activity ("activitydependent synaptic plasticity"). Many types of synaptic plasticity entail morphological and physiological alterations, and some forms of synaptic modification are long-lasting. Because synaptic plasticity in general involves the modification of intercellular communication in the nervous system, it can play significant roles in regulating the expression of learning, memory, and perception [107, [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] . Not surprisingly, certain types of synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD), are believed to underlie some forms of learning and memory in the mammalian brain [157] ; however, this notion is still debated in the literature and its final resolution requires further research [153, [158] [159] [160] [161] .
Numerous signaling molecules that regulate synaptic plasticity have been identified, and they include CaMKII, protein kinase C (PKC), CaMKIV, MAPKs, tyrosine kinases, PP 1/2A and calcineurin (see reviews [162] [163] [164] [165] [166] [167] [168] ). CREB, in particular, has been shown to be pivotal for specific types of long-term synaptic plasticity. In the next section, we review studies of the roles of CREB in mediating long-lasting increases in synaptic strength. We focus on two prominent model systems: identified sensory-motor synapses in Aplysia californica and the rodent hippocampus. These two preparations have enabled identification of some of the detailed mechanisms by which CREB enables expression of persistent increases in synaptic strength that are believed to underlie consolidation of specific forms of LTM.
Molecular and Synaptic Mechanisms of Memory Storage in Aplysia
The mechanisms that underlie memory storage have been most extensively studied using Aplysia by Eric Kandel and his colleagues. Sensitization is a form of learning in which an animal previously presented with a harmful stimulus, subsequently shows enhanced defensive responses to otherwise innocuous stimuli [169] . Tactile or electrical stimulation of the snail's siphon elicits rapid withdrawal of its siphon and gill. Similarly, stimulation of the tail evokes siphon withdrawal. One shock to the tail elicits short-term sensitization lasting for minutes, and this does not require new protein synthesis. In contrast, repeated shocks produce long-term memory for sensitization that lasts 1-2 days and requires transcription and translation (reviewed by [170] ).
The critical sites of plasticity that underlie short-and long-term sensitization have been traced to the monosynaptic connections between siphon sensory neurons (which relay the harmful shock from the skin to the CNS) and gill motor neurons (which mediate gill withdrawal) [42, 144, 171] . Presynaptic facilitation of transmitter release from terminals of sensory neurons underlies behavioral sensitization of the gill withdrawal response in Aplysia [172] . Cultured sensory and motor neurons of Aplysia have been used to more clearly delineate the synaptic and molecular events underlying longterm sensitization [173] . These two types of neurons form synapses that display long-term facilitation (LTF) of synaptic strength. LTF occurs following multiple spaced applications of serotonin, one of the transmitters released by tail stimuli during behavioral sensitization in intact snails [171, 174, 175] . Interestingly, spaced stimuli are required for induction of long-term behavioral sensitization. Also, inhibitors of protein synthesis and inhibitors of transcription block LTF, but not short-term facilitation [174] , just as the same inhibitors block long-term, but not short-term, memory for behavioral sensitization [176] .
LTF is mediated by increased cytosolic levels of cAMP followed by activation of PKA (see review by [170] ). The catalytic unit of PKA recruits MAPK, and both move into the nucleus of sensory neurons, where CREB-dependent transcription of genes required for LTF occurs [23] . Within the nucleus, PKA and MAPK-regulated kinases phosphorylate and activate CREB-1, an activator isoform of CREB. They also remove the repressive action of CREB-2, an inhibitor of CREB-1 [45, 177] . Oligonucleotides with CRE sequences injected into the nuclei of cultured sensory neurons block LTF (but not STF), presumably by chelating endogenous CREB and thereby reducing transcriptional activation by endogenous CREB [46] . Indeed, injection of a reporter gene with a CRE-containing promoter into sensory neurons was used to show that induction of LTF elicited CREB activation [43] , and injection of phosphorylated CREB-1 into the same neurons is sufficient to initiate LTF in cell culture [177, 178] .
Once activated, CREB-1 contributes to the activation of several downstream genes, including ubiquitin hydrolase and a transcription factor, C/EBP (CCAAT-enhancer binding protein) [179] . Ubiquitin hydrolase stabilizes LTF by degrading inhibitory regulatory subunits of PKA [180] . Overall, these factors ultimately stimulate the growth of new synapses, which is correlated with LTF [36, 181] .
Hippocampal Synaptic Potentiation may Contribute to Neural Information Storage
Synaptic strengthening in the hippocampus was first reported by Lomo [182] . A subsequent study [183] showed that repeated high-frequency stimulation of the entorhinal perforant pathway induced long-lasting enhancement of synaptic transmission between perforant path fibers and dentate granule cells. This "long-term potentiation" (LTP; see Fig. 5 ) has been most intensively studied in the hippocampus, a brain region critical for forming new declarative memories [184] . The properties of rapid inducibility, synapse specificity [185, 186] , associativity [187] [188] [189] [190] [191] , longevity [183, 192] and cooperativity [189, 193, 194] make LTP an attractive, but controversial candidate mechanism for neural information storage [159] . More research is needed to determine whether LTP (or LTD) is indeed for cellular mechanism that causes key attributes of behavioral memory. It is noteworthy that, regardless of the ultimate verdict on LTP's role in memory function, the large amount of research on specific types of synaptic plasticity, like LTP and LTD, that has been accomplished has substantially enhanced our understanding of the intricate steps involved in regulating synaptic physiology, synaptic development, and experience-dependent synaptic remodeling.
Temporal Phases of LTP
Cellular and molecular studies of synaptic plasticity and learning in Aplysia have provided a significant conceptual platform for the genesis of research on hippocampal synaptic plasticity. One idea derived from the work on Aplysia is that activity-dependent increases in synaptic strength may have different temporal phases that are characterized by distinct requirements for signal transduction, gene expression and protein synthesis [170] . Not surprisingly, long-lasting forms of synaptic potentiation in the mammalian hippocampus also require gene transcription and de novo protein synthesis [195] [196] [197] [198] [199] [200] . In contrast, expression of shorter-lasting forms of synaptic potentiation, induced by weaker or less frequent tetanization, is unaffected by protein synthesis inhibitors [201, 202] .
As a result of these findings, the literature now contains descriptions of at least two distinct temporal phases of hippocampal LTP: an "early" phase (E-LTP) and a longer lasting "late" phase (L-LTP). These phases of LTP have been characterized in each of the three major excitatory synaptic pathways in the trisynaptic circuit of the hippocampus [198, 200, [202] [203] [204] [205] [206] [207] [208] . In area CA1 of hippocampal slices, E-LTP is usually induced by giving a single one-second train of 100 Hz stimulation, and it lasts for approximately 1-2 hours [208] . In contrast, L-LTP is induced by giving three or more successive trains of 100 Hz stimulation, and it can last for longer than 8 hours in hippocampal slices [200, 207, 208] .
Roles of PKA-Mediated CREB Activation in LTP
Hippocampal L-LTP, but not E-LTP, requires protein synthesis and transcription [196, 198, 200] . PKA is needed for the expression of hippocampal L-LTP [207, 209, 210] , and it can modify transcription by phosphorylating CREB. Because a hallmark of L-LTP expression is its requirement for activation of both PKA and CREB, many studies have examined the relationships between these two molecules and their interactive roles in regulating L-LTP. [45, 46, 48] and Drosophila [49, 57] demonstrated that members of the CREB family of transcription factors are necessary for long-lasting forms of synaptic plasticity and for LTM. These findings were extended to mammals by studying CREB mice [69, 101] . These mice displayed impaired LTM for both spatial memory and contextual fear conditioning, and these behavioral deficits were correlated with defective expression of CA1 L-LTP in slices [101] . In MAP2 knockout mice, there is significant reduction of PKA expression in dendrites of hippocampal neurons, and phosphorylation of CREB following forskolin treatment was reduced in mutant neurons [211] . Because MAP2 is an A-kinase anchoring protein (AKAP) with a binding domain for type-II R subunits of PKA, these data suggest that loss of MAP2 can reduce PKAdependent activation of CREB. L-LTP was not measured in the study by Harada et al. [211] , but more direct evidence that PKA is a critical trigger for CREB-mediated changes in gene expression that are necessary for L-LTP comes from a study by Matsushita et al. (2001) , in which specific blockade of nuclear PKA activity, by targeted delivery of PKI to the nucleus, resulted in deficient CA1 L-LTP with a corresponding reduction in CREB phosphorylation [212] . Thus, this incisive experiment demonstrates that L-LTP in area CA1 of mouse hippocampal slices involves CREBmediated transcription that requires PKA activation.
Studies in Aplysia
Does CRE-mediated gene expression increase following L-LTP induction? This is an important consideration if a causal relationship between these two processes is to be established. Using a CRE-regulated reporter construct (CRELacZ), Impey et al. [93] demonstrated that both L-LTP induction and application of forskolin were associated with increases in CRE-mediated gene expression. When L-LTP was blocked by PKA inhibitors (H89 and KT5720), the increase in CRE-mediated gene expression was attenuated [93] . Furthermore, prior tetanization occluded further increases in CRE-LacZ expression elicited by forskolin, indicating that both types of stimuli, one electrical and the other chemical, may elicit forms of synaptic potentiation that involve similar mechanisms that encompass CRE-mediated gene induction [93] . These collective findings highlight the prime importance of nuclear signaling in mediating L-LTP. However, it is important to remember that CREB is phosphorylated by multiple protein kinases other than PKA (reviewed by [213] ). An important goal for future research is to quantitatively determine the relative contributions towards expression of CREB-dependent LTP, of each of the several kinases known to phosphorylate CREB (see review by [214] ).
Both strong and weak tetanization protocols that induce persistent and decremental forms of LTP or LTD can increase CREB phosphorylation in mouse and rat hippocampal neurons in vitro [93, 215] . CREB activation was detected in cultured hippocampal neurons by using an antibody to mark neurons in which Ser133 of CREB had been phosphorylated [215] . Interestingly, this approach revealed that CREB phosphorylation can be elicited by activation of NMDA receptors, but not by spike firing [215] . Thus, specific synaptic signals that are relayed by particular channels for intracellular calcium, such as NMDA receptors and L-type channels [215] , are capable of phosphorylating CREB. It is noteworthy that CREB phosphorylation at Ser133 does not correlate with CREB-dependent gene expression in hippocampal neurons [22] . Also, in contrast to Aplysia neurons, PKA inhibitors do not block CREB phosphorylation caused by synaptic stimulation in cultured hippocampal neurons [22] . These inhibitors do block CREBmediated transcription in hippocampal slices from CRELacZ mice (Impey et al., 1996) . A number of factors might account for these differences; these include the cell types examined (CA1-CA3 vs. CA1 alone) and the types of reporters used (artificial CRE-LacZ constructs vs. native somatostatin and c-fos expression).
CREB phosphorylation occurs after high-frequency tetanization in vivo. This was observed in the dentate gyrus and area CA1, but not in CA3, and only stimuli that induced n o n -d e c r e m e n t a l L T P e l i c i t e d s u s t a i n e d hyperphosphorylation of CREB in vivo [216] . Thus, CREB phosphorylation following in vitro manipulations of electrical activity cannot be used as a selective marker of neuronal activity or long-lasting forms of LTP. Indeed, some CREB mutations expressed in the dorsal hippocampus do not affect certain forms of L-LTP (e.g. theta-burst L-LTP) in mouse hippocampal slices [79] . LTP produced by 3 stimulus strains of 100 Hz with a 10-min intertrain interval was normal in CREB , CREB comp , dCA1-KCREB mice and two conditional CREB knockout mice (CREB CaMKCre7 and CREB NesCre ) [5, 72, 79] . However, the dCA1-KCREB mice showed deficient forskolin-induced, DA-regulated, and heterosynaptically-induced forms of LTP [79, 217] . It is noteworthy that genetic overexpression of CREB in mice does make it easier to induce hippocampal L-LTP [82] . Similarly, transgenic mice overexpressing type-1 adenylyl cyclase (with elevated levels of pCREB) also display enhanced L-LTP [125] . Thus, CREB overexpression is sufficient to enhance the induction of LTP, but CREB is not necessary for expression of several forms of hippocampal LTP. These findings make it clear that future tests for a critical requirement for CREB in multiple types of synaptic plasticity will require careful consideration and documentation of experimental conditions.
CREB and Memory Disorders in Humans
Several cognitive disorders in humans have recently been associated with molecular lesions in the CREB signaling pathway (see [218] for review; see Fig. 6 ). For instance, Coffin-Lowry Syndrome, an X-linked disorder, is caused by mutations in the gene encoding RSK2, a protein kinase that phosphorylates CREB at the key Ser133 residue [223] . The intelligence of patients with Coffin-Lowry Syndrome is directly correlated with the capacity of their mutated RSK-2 to phosphorylate CREB [224] . In addition, Rubinstein-Taybi Syndrome (RTS) is a congenital disorder characterized by severe mental retardation and physical abnormalities. RTS is caused by chromosomal rearrangements, microdeletions and point mutations in one copy of the gene encoding CREB binding protein (CBP) [219] . CBP is an obligatory participant in CREB-mediated transcription [33, 220] . Recently, several groups have used mouse models of RTS to examine potential therapeutic targets. First, Bourtchouladze and colleagues rescued the impairment of object recognition LTM in mice with one truncated cbp allele (CBP +/-C-term ) by administering several phosphodiesterase 4 inhibitors (drugs that increase cAMP levels thereby potentiating CREB function) [221] . Second, Alarcón and colleagues showed that application of phosphodiesterase 4 inhibitors and transgenic overexpression of a dominant active form of CREB partially reverse the L-LTP deficits observed in mice heterozygous for the null mutation of CBP (CBP +/-) [222] . Together, these findings indicate that at least some of the memory impairments observed in mouse models of RTS may be caused by a disruption of CREB-dependent transcription. Moreover, they suggest that targeting CREB function may be a viable therapeutic strategy in the treatment of RTS. These findings also suggest that the cognitive disruption produced by some genetic forms of mental retardation may not be due to untreatable developmental abnormalities, but might be caused by chronic deficits in the CREB signaling pathway (either upstream of CREB or involving CREBmediated transcription).
Dysregulation of CREB function has also been implicated in other memory disorders. Although aging does not always result in memory impairments, aged animals, including humans, tend to show age-related memory deficits [225] . In otherwise healthy elderly humans memory decline is correlated with hippocampal dysfunction [226] [227] [228] [229] . Aged humans and aged rodents both perform poorly on different versions of the Morris water maze [230, 231] .
The exact nature of the underlying biological mechanisms of age-related memory decline remains unknown. There is considerable evidence to support the view that age-related memory deficits may be caused by functional changes in the absence of major structural alterations such as neuronal loss [227] . For instance, aged rodents show disruptions of several key members of the CREB signaling pathway, including CREB itself [232] , activated (phosphorylated) CREB [233] , CBP [234] and PKA [235] . Importantly, the poor performance of rodents in the Morris water maze was correlated with decreased levels of CREB in the hippocampus [236] . These findings suggest that the memory deficit associated with aging may be partially caused by decreased CREB function. Increasing CREB function may reverse age-related memory deficits. In support of this notion, age-related memory decline was reversed in transgenic mice in which PP1 function was inhibited [124] . PPI inhibition produces many changes, including an increase in CREB function brought about by decreased de-phosphorylation of CREB at S133. However, because the effects of PP1 inhibition are broad, it is unclear whether the reversal of age-related memory decline may be directly attributable to increased CREB function.
FUTURE PROSPECTS
Where should this field go from here? The involvement of the CREB signaling pathway in several seemingly Fig. (6) . The CREB signaling pathway and human disorders. Several human cognitive/memory disorders have been linked to dysregulations in CREB signaling, including Rubinstein-Taybi Syndrome (mutation in CBP) and Coffin-Lowry Syndrome (mutation in RSK2). In addition, the memory loss associated with aging is correlated with a decrease in CREB protein levels.
disparate types of memory/cognitive disorders in humans makes CREB an attractive target for therapeutic interventions aimed at improving memory function associated with these disorders, and perhaps, memory improvement in the absence of frank pathology. However, further progress towards this goal depends on answering several basic questions. For instance, what is the precise role of CREB in memory and long-term synaptic plasticity? A variety of factors (trial spacing, genetic background, gene dosage, number of neurons affected) impact the relative importance of CREB to memory and LTP. The relative contributions of these factors need to be clarified. Which downstream effectors mediate LTM following CREB-guided transcriptional activation? How are the multiple signaling pathways that engage CREB coordinated in the spatial and temporal domains?
Although this review has focused on the role of CREB in memory and long-lasting synaptic plasticity, CREB has also been implicated in many other physiological processes, such as neuronal survival [237, 238] , addiction [90] and depression [239] , among others. The involvement of CREB in these disparate processes not only raises the question of how one transcription factor regulates a large variety of functions, but it also underscores important implications for the effectiveness of targeting CREB as a therapeutic approach for memory disorders. Roughly, 300 different stimuli are known to elicit phosphorylation of CREB at Ser133 (see [240] ). The exact ways in which this multipronged signaling is coordinated and regulated require further study. Particular attention needs to be paid to both temporal and spatial regulation, because the distribution of many kinases and phosphatases are known to be spatially restricted within specific subcellular compartments of neurons.
In addition, the downstream effectors of CREB need to be identified. The list of putative CREB target genes is large. Recently, a genome-wide analysis of CREB binding motifs resulted in 1349 sites in the mouse genome and 1663 "hits" in the human genome [241] . Vast numbers of putative CREB-regulated genes, and the enormous functional diversity of these genes, will critically influence the development of target-specific treatments aimed at alleviating memory dysfunction by increasing CREB function. Application of proteomic strategies may assist in identifying viable targets.
Overall, answering these fundamental questions will increase our understanding of the basic biology of memory, and uncover potential treatments for cognitive dysfunction in humans. With the widespread use and ongoing refinement of molecular, cellular, and behavioral techniques, it is inevitable that we will make further progress towards defining CREB's roles in complex cognitive functions like learning and memory. 
